The prototypical type I heat-labile enterotoxin (HLT) cholera toxin (CT) and the type II HLT from Escherichia coli (LT-IIa and LT-IIb) are AB 5 toxins that consist of an ADPribosylating A subunit noncovalently associated with a pentameric B subunit (12, 13, 30) . Despite their inherent toxicity, the HLT have become important adjuvants for enhancing both mucosal and systemic immune responses. Previous studies addressing the adjuvant properties of HLT have demonstrated their ability to abrogate oral tolerance, as well as enhance both local and systemic antibody (Ab) responses to coadministered antigen (Ag) (6, 9, 17) . Additionally, after mucosal administration, both type I and type II HLT have been shown to enhance T-helper (Th) cytokine production from both systemic and mucosal lymphoid compartments; however, there appear to be marked differences in both the Th1 and Th2 cytokine profiles induced by these enterotoxins (21, 34) . Several studies have shown that CT induces a predominant Th2 response with increased production of interleukin-4 (IL-4), IL-5, and IL-10 and subsequent elevated levels of antigenspecific immunoglobulin G-1 (IgG1) Ab (21, 34, 37, 39) . With the aid of IL-4 Ϫ/Ϫ knockout mice, it was further demonstrated that the adjuvanticity of CT is highly dependent upon Th2-associated cytokines (20) . Compared to CT, the type II HLT LT-IIa and LT-IIb have been shown to induce a more balanced Ag-specific Th1 and Th2 cytokine profile and IgG subclass response (21) . However, the mechanism responsible for these observed differences remains to be elucidated.
An important factor during the initial phase of an immune response that determines whether Th cells will develop into Th1 or Th2 effector cells depends upon the presence of IL-12 and IL-4, respectively. CD40 ligand (CD40L), or CD154, is a type II transmembrane protein that is transiently expressed on CD4 ϩ T cells and recognizes CD40 on B cells, monocytes/ macrophages, and dendritic cells (1) . CD40-CD40L interactions have been demonstrated to be important for the induction of IL-12 from antigen-presenting cells (APC) (11, 29) . IL-12, which consists of a p40 and p35 chain linked via a disulfide bond, promotes the differentiation of naive CD4 ϩ T cells into Th1 effector cells while suppressing the development of Th2-type responses (15, 19, 27) . Consistent with these findings, CD40L
Ϫ/Ϫ mice have been shown to have defective Th1 responses while concomitantly exhibiting elevated IL-4 production compared to wild-type mice (14) . Thus, the regulation of CD40-CD40L interactions appears to play an important role in determining the function of Th cells.
In the present study, we have focused on whether CT and the type II enterotoxins differentially affect CD40L expression on CD4
ϩ T cells and the subsequent CD40-CD40L-dependent IL-12 production from APC. We found that CT but not LT-IIa or LT-IIb significantly inhibited T-cell activation and the upregulation of CD40L expression on CD4 ϩ T cells after anti-CD3 stimulation. Using a coculture system, CT-, LT-IIa-, and LT-IIb-treated CD4 ϩ T cells differentially affected CD40-CD40L-dependent tumor necrosis factor alpha (TNF-␣) and IL-12 production by both autologous monocytes and monocyte-derived dendritic cells.
MATERIALS AND METHODS
Reagents. LT-IIa and LT-IIb holotoxins were derived from an E. coli XL-1 Blue (Stratagene) strain transformed with plasmid pTDC200 or pTDC101, respectively (8) . Growth and purification of LT-IIa and LT-IIb were done as previously described (21) . CT was purchased from List Biological Laboratories. Human anti-CD3 and neutralizing human anti-CD40L Abs were obtained from Pharmingen (San Diego, Calif.). Recombinant human IL-4, gamma interferon (IFN-␥), and granulocyte-macrophage colony-stimulating factor (GM-CSF) were purchased from R & D Systems (Minneapolis, Minn.).
Isolation and stimulation of human PBMC, CD4 ؉ T cells, monocytes, and dendritic cells. Human peripheral blood mononuclear cells (PBMC) were obtained from healthy donors and isolated from heparinized venous blood by isolating the buffy coat and eliminating red blood cell (RBC) contamination by histopaque (SG-1.077) density gradients. After washing in phosphate-buffered saline (PBS) containing 1% fetal calf serum (FCS) and 2 mM EDTA, PBMC were resuspended at a concentration of 2 ϫ 10 6 cells/ml in complete culture medium (RPMI 1640; Cellgro Mediatech, Washington, D.C.) containing 10% FCS, 1% L-glutamine, and 10 mM HEPES plus 10 U of penicillin, 100 g of streptomycin, and 50 g of gentamicin per ml and then stimulated with soluble anti-CD3 (1 g/ml) in the presence or absence of the desired holotoxin (1 to 1,000 ng/ml). Cell supernatants were collected after incubation for 48 to 72 h and stored at Ϫ20°C until assayed for cytokine production. CD4 ϩ T cells were purified from isolated human PBMC with the aid of a CD4 ϩ T-cell indirect magnetic labeling kit containing monoclonal hapten-conjugated CD8, CD11b, CD16, CD19, CD36, and CD56 Abs (Miltenyi Biotec). As determined by flow cytometry, this procedure routinely yielded Ͼ95% CD4 ϩ T cells. CD4 ϩ T cells were preincubated with CT, LT-IIa, or LT-IIb (1 to 1,000 ng/ml) for 1 h and then stimulated with plate-bound anti-CD3 (5 g/ml). CD4 ϩ T cells were then stained for CD25, CD69, or CD40L expression using Abs obtained from Pharmingen and analyzed by flow cytometry.
To determine the functional consequence of CD40L expression on CT-, LTIIa-, and LT-IIb-treated CD4 ϩ T cells, after anti-CD-3 stimulation for 6 h, CD4 ϩ T cells were fixed with 1% paraformaldehyde, washed extensively in complete RPMI, and cocultured at a concentration of 2 ϫ 10 6 cells/ml with autologous monocytes or monocyte-derived dendritic cells (10 6 cells/ml) in the presence or absence of anti-CD40L or an isotype-matched control Ab.
Monocytes were isolated from PBMC by depletion of nonmonocyte cells, which was performed with the aid of an indirect magnetic isolation kit using monoclonal hapten-conjugated CD3, CD7, CD19, CD45RA, CD56, and IgE Abs (Miltenyi Biotec). This procedure routinely resulted in Ͼ90% pure CD14 ϩ cells, as shown by flow cytometry.
Dendritic cells were derived from monocytes purified by negative selection as described above. Briefly, monocytes were cultured for 7 days in the presence of 100 ng of IL-4 and GM-CSF per ml, and nonadherent cells were harvested. The majority of the resulting cells (Ͼ80%) excluded trypan blue, and Ͼ60% expressed CD1a and exhibited characteristic dendrite formation.
Cytokine analysis. Cell culture supernatants were assayed for cytokine concentration by enzyme-linked immunosorbent assay (ELISA) by using reagents for human IL-2, IL-4, IL-10, IL-12, IFN-␥, and TNF-␣, obtained from R&D Systems. Briefly, flat-bottomed 96-well microtiter plates (Nunc) were coated with mouse monoclonal Abs (MAbs) anti-IL-2, anti-IL-4, anti-IL-10, anti-IL-12, anti-IFN-␥, or anti-TNF-␣ at 1 g/ml in PBS and incubated overnight at 4°C. Plates were washed with PBS-Tween (PBS-Tw) and blocked to limit nonspecific binding with 10% FCS in PBS for 1 h at 37°C. After the plates were washed, supernatants were serially diluted in 1% bovine serum albumin (BSA) in PBS and added to the wells. Standard curves were generated using serial dilutions of recombinant IL-2 (2,000 pg/ml), IL-4 (2,000 pg/ml), IL-10 (2,000 pg/ml), IL-12 (2,000 pg/ml), IFN-␥ (2,000 pg/ml), or TNF-␣ (1,000 pg/ml). Plates were incubated at 4°C overnight, followed by washing with PBS-Tw. Appropriate secondary Abs, consisting of either biotin-or peroxidase-labeled goat Abs, were added to plates. In assays using biotinylated Abs, a 1:1,000 dilution of horseradish peroxidase-conjugated streptavidin containing 1% BSA in PBS-Tw was added to the appropriate wells, and plates were incubated at room temperature for 2 h. The reaction was developed for 20 min with o-phenylenediamine-H 2 O 2 substrate and stopped with 1 M H 2 SO 4 . The color reaction was measured at 490 nm.
Flow cytometry. PBMC or CD4 ϩ T cells were cultured at a concentration of 2 ϫ 10 6 cells/ml in complete culture medium and stimulated with soluble (1 g/ml) or plate-bound (5 g/ml) anti-CD3 in the presence or absence of CT, LT-IIa, or LT-IIb (1 to 1,000 ng/ml). Cells were harvested, centrifuged, and resuspended in fluorescence-activated cell sorting (FACS) buffer (PBS containing 3% FCS and 0.1% NaN 3 ) for 15 min and then centrifuged. Cells were then resuspended in FACS buffer, stained with CD25-fluorescein isothiocyanate (FITC), CD69-phycoerythrin (PE), CD1a-PE, or C40L-PE, and costained with CD4-APC (Pharmingen). After a 30-min incubation at 4°C, cells were washed in FACS buffer and resuspended in 1% paraformaldehyde. Fluorochrome-labeled cells were analyzed by flow cytometry using a FACStar flow cytometer (Becton Dickinson, Mountain View, Calif.).
RESULTS
CT, LT-IIa, and LT-IIb differentially affect cytokine production from anti-CD3-stimulated PBMC. We previously found that CT and the type II HLT have different effects on the production of Th1 and Th2 cytokines from mouse lymphocytes (21) . In order to determine if similar effects occurred in human PBMC, we analyzed the cytokine profile induced in these cells by CT, LT-IIa, and LT-IIb when activated by soluble anti-CD3 MAb. Cell supernatants were collected 48 to 72 h after stimulation and analyzed for cytokine production by ELISA. No significant differences in the level of IL-4 or IL-10 were observed between CT-, LT-IIa-, or LT-IIb-treated PBMC cultures ( Fig. 1A and B) . In contrast, CT-treated PBMC exhibited a pronounced reduction in IL-2, TNF-␣, and IL-12 p70 production compared to PBMC treated with LT-IIa or LT-IIb (Fig. 1C to E) . These data agree with our previous findings on the effects of type I and type II HLT on the immune response in mice and demonstrate that CT and the type II HLT differentially affect Th cytokine production from anti-CD3-treated human PBMC.
CT, LT-IIa, and LT-IIb differentially affect activation and proliferation of anti-CD3-stimulated PBMC. We next determined whether CT and the type II HLT could be influencing cytokine production from APC by affecting T-cell activation. PBMC were cultured with soluble anti-CD3 for 24 h in the presence or absence of holotoxin, and then CD4 ϩ T cells were analyzed by flow cytometry for T-cell activation markers. Anti-CD3 stimulation significantly increased CD25 and CD69 expression on CD4
ϩ T cells compared to untreated controls (Table 1) . However, when PBMC were stimulated with anti-CD3 in the presence of CT, a significantly lower mean level of both CD25 and CD69 expression was seen on CD4 ϩ T cells compared to controls, whereas LT-IIa and LT-IIb exhibited minimal inhibitory effects on the expression of CD25 and CD69 (Table 1) . Similarly, CT inhibited the proliferation of anti-CD3-stimulated PBMC, while LT-IIa and LT-IIb had no significant effect on proliferation (Table 1) . Thus, there are significant differences in the ability of CT, LT-IIa, and LT-IIb to suppress T-cell activation and subsequent proliferation.
Effects of CT, LT-IIa, and LT-IIb on CD40L expression. We next questioned whether the observed differences in the effects of CT and the type II HLT on activation and cytokine production by anti-CD3-stimulated PBMC were related to an alteration in the upregulation of CD40L. If so, this could influence IL-12 production by APC through interaction with CD40. Since CD40L is expressed predominantly on CD4 ϩ T cells, PBMC were untreated or treated with CT, LT-IIa, or LT-IIb and stimulated with anti-CD3 for 2 to 24 h, and CD4 ϩ T cells were analyzed for CD40L expression by flow cytometry. Anti-CD3 stimulation of PBMC resulted in a marked upregulation of CD40L on CD4 ϩ T cells from 2 to 6 h, but CT treatment resulted in Ͼ50% reduction (P Ͻ 0.05) in the mean level of CD40L expression at all time points (Table 2 ). In contrast, the addition of LT-IIa or LT-IIb to anti-CD3-stimulated PBMC minimally affected the mean level of CD40L expression compared to anti-CD3 controls (Table 2) .
To determine if the observed difference in CD40L expression was due to a direct effect of CT, LT-IIa or LT-IIb on CD4 ϩ T cells, purified CD4 ϩ T cells were stimulated with plate-bound anti-CD3 with or without the toxins and then analyzed by flow cytometry for CD40L expression. Anti-CD3-stimulated CD4 ϩ T cells again showed a marked upregulation of CD40L that reached maximal levels at 6 h, and the addition of CT resulted in a significant (ϳ50%) reduction (P Ͻ 0.05) in CD40L expression at 2, 4, and 6 h (Fig. 2) . In contrast, CD4 ϩ T cells cultured with LT-IIa or LT-IIb exhibited Ͻ15% reduction (P Ͼ 0.05) in the mean level of CD40L expression between 2 and 24 h (Fig. 2) . No significant differences were observed in cell viability as revealed by trypan blue dye exclusion between CT-, LT-IIa-, and LT-IIb-treated CD4 ϩ T cells (data not shown). Thus, CT has a direct suppressive effect on the upregulation of CD40L in CD4 ϩ T cells.
CT-but not LT-IIa-or LT-IIb-treated CD4
؉ T cells suppressed CD40-CD40L-dependent TNF-␣ and IL-12 p70 production by monocytes and dendritic cells. Because of the importance of CD40-CD40L interactions in the production of IL-12, we examined the functional significance of the effects of the toxins on CD40L expression by coculturing toxin-treated CD4 ϩ T cells with APC and analyzing TNF-␣ and IL-12 p70 production. For this purpose, CD4
ϩ T cells were stimulated with plate-bound anti-CD3 in the presence or absence of the toxins for 6 h, washed, fixed with paraformaldehyde, and then cocultured with autologous monocytes or monocyte-derived dendritic cells. After 48 h of incubation, cell supernatants were analyzed for TNF-␣ and IL-12 p70 production by ELISA. To determine whether CD40L was involved in the production of these cytokines, the coculture was also carried out in the presence of anti-CD40L MAb or an isotype control Ab. Treatment of anti-CD3-stimulated CD4 ϩ T cells with CT resulted in a significant reduction in TNF-␣ and IL-12 production by monocytes and dendritic cells, whereas neither LT-IIa-nor LT-IIbtreatment of CD4 ϩ T cells resulted in any significant reduction in the synthesis of IL-12 production by the APC (Fig. 3A and  B) . The addition of anti-CD40L MAb to CT-treated cocultures resulted in a further reduction in TNF-␣ and IL-12 production (Fig. 3A to D) . Thus, although CT-treated cocultures produced significantly less IL-12 from monocytes and dendritic cells compared to anti-CD3 controls, CT did not completely abrogate CD40L-dependent IL-12 p70 or TNF-␣ production (Fig. 3) . The addition of anti-CD40L MAb to LT-IIa-or LTIIb-treated cocultures significantly inhibited both TNF-␣ and IL-12 production from autologous monocytes and dendritic cells (Fig. 3A to D) . Thus, the action of CT on CD4 ϩ T cells led to the suppression of CD40-dependent TNF-␣ and IL-12 production in both monocytes and dendritic cells. In contrast, LT-IIa-and LT-IIb-treated CD4 ϩ T cells were more able to stimulate cytokine production from APC through CD40-dependent interactions.
DISCUSSION
We previously reported that CT, LT-IIa, and LT-IIb exhibited potent but distinct adjuvant responses in mice (7, 21) and that CT and the type II HLT induced discrete Th cytokine production and IgG subclass responses. In the present study, we show that CT and the type II HLT have similar differential effects on anti-CD3-stimulated human PBMC and use this system to investigate the mechanisms responsible for these differences. We found that CT, LT-IIa, and LT-IIb differentially affected CD4 ϩ T-cell activation and CD40-dependent cytokine production: CT, but not LT-IIa or LT-IIb, significantly suppressed the level of CD40L expression on anti-CD3-stimulated CD4 ϩ T cells. Furthermore, CT-treated CD4 ϩ T cells induced significantly less CD40-dependent IL-12 p70 production in both monocytes and monocyte-derived dendritic cells than either LT-IIa-or LT-IIb-treated CD4 ϩ T cells. Analysis of holotoxin-treated PBMC suggested that CT exhibited distinct suppressive effects on CD4 ϩ T cells that were not apparent with LT-IIa-or LT-IIb-treated cultures. Our observations that CT reduced T-cell activation markers on anti-CD3-stimulated CD4 ϩ T cells are in agreement with previous studies (33), but we found that neither LT-IIa nor LT-IIb significantly suppressed CD25 or CD69 expression on CD4 ϩ T cells. These differences were further supported by the significant reduction in T-cell proliferation and CD40L expression in CT-treated cultures. The upregulation of CD40L on human T cells has been shown to depend on both IL-2 and IL-12 production (25) . Moreover, previously activated T cells could upregulate CD40L in the presence of IL-2 and without anti-CD3
FIG. 2. Expression of CD40L on CD4
ϩ T cells cultured with or without CT, LT-IIa, or LT-IIb (100 ng/ml) in the presence of platebound anti-CD3 (5 g/ml). CD40L expression on nonstimulated CD4 ϩ T cells was less than 2.4% at all time points tested (data not shown). Data represent the mean Ϯ SD of cultures derived from four donors. ‫,ء‬ statistically significant difference at P Ͻ 0.05 compared to anti-CD3-treated CD4 ϩ T cells. a The data represent the means of cultures derived from four donors. *, significant difference at P Ͻ 0.05 compared to anti-CD3-treated PBMC. Percent positive staining for IgG1 isotype control (CD25 and CD69) was 0.59% Ϯ 0.14%. stimulation. Thus, the differential inhibition of CD25 as well as IL-2 and IL-12 production by CT and the type II HLT may, in part, explain the observed levels of CD40L expression in CT-, LT-IIa-, and LT-IIb-treated cultures.
The differentiation of naive Th cells into Th1 and Th2 cells is governed by IL-12 and IL-4, respectively, and their ability to activate specific signal transducer and activator of transcription (STAT) molecules (15, 16, 24, 26, 27, 32, 35) . The ability of CT to act as a mucosal adjuvant has been well studied, and it has typically been classified as an adjuvant inducing Th2-associated immune responses. Several studies, including data presented here, demonstrate that CT can directly or indirectly downregulate IL-12 production from APC (5, 38) . Conversely, while CT does possess inhibitory properties for the induction of Th1 cytokines, its mucosal adjuvanticity has been shown to depend strongly upon Th2 cytokines, especially IL-4 (20) . Moreover, CT appears to directly inhibit Th1 clones but does not have these inhibitory effects on Th2 clones producing IL-4 (22) . The data presented in this study define an additional pathway by which HLT affect IL-12 production from APC. The type II HLT did not suppress the upregulation of CD40L or CD40-dependent IL-12 production from autologous APC compared to the levels observed with CT-treated cultures. Th cells able to differentiate into Th1 or Th2 cells have been found to polarize predominantly into the Th2 phenotype when primed under conditions containing both IL-4 and IL-12 compared to conditions containing only IL-12 (23) .. However, in the presence of a higher IL-12 dose, the number of IL-4-producing cells observed when priming in the presence of IL-4 and IL-12 was reduced by almost half, while there was a concomitant rise in the number of INF-␥-producing cells. Considering that anti-CD3-stimulated PBMC cultures produced similar levels of IL-4, the ability of CT and the type II HLT to alter the levels of IL-12 produced during Th-cell activation and priming further explains the distinct Th profiles observed when these HLT are used as adjuvants.
The ability of APC and T cells to deliver mutual costimulatory signals during an immune response is necessary for the development of effector cells. Among these circumstances, the CD40-CD40L pathway has diverse effects (1, 11, 36) . Upregulation of CD40L upon T cell activation has been implicated as a primary mechanism responsible for the induction of IL-12 and Th1 responses (29, 31) . Th1 responses are deficient in the absence of CD40-CD40L interactions, and CD40L-deficient T cells are defective in IFN-␥ production, while conversely exhibiting higher IL-4 production than normal cells (14) . Moreover, the inability of CD40L-deficient T cells to differentiate into Th1 effector cells was due to a lack of IL-12 production from APC. These findings are consistent with our present observations concerning the abilities of CT, LT-IIa, and LT-IIb to differentially affect CD40L expression on CD4 ϩ T cells and subsequent Th1 and Th2 cytokine production.
Dendritic cells are believed to be the major APC involved in the primary immune response. Mature dendritic cells have been shown to express an array of costimulatory molecules and thus are potent stimulators of both T and B lymphocytes (2) . An important final step in the development of dendritic cells from an immature phagocytic cell to a mature cell capable of priming naive T cells involves signaling through CD40 (10, 18) , and the CD40-CD40L interaction promotes the ability of dendritic cells to efficiently stimulate CD8 ϩ cytotoxic T-lymphocyte (CTL) responses (4, 28) . Despite previous studies demonstrating the ability of CT to induce a predominantly Th2-associated immune response, as well as its potent inhibitory effects on IL-12 production from APC, several groups have demonstrated the ability of CT to induce IL-12-dependent CTL responses in mice (3). Thus, although CT has been shown to reduce IL-12 production from monocytes and dendritic cells as well as suppress CD40L-dependent IL-12 production from APC, CT did not abrogate IL-12 production. We found that CT-treated CD4 ϩ T cells expressed significantly higher levels of CD40L than nonstimulated CD4 ϩ cultures and these cells were still capable of inducing IL-12 p70 production from both monocytes and monocyte-derived dendritic cells. However, due to the differences in CD40L expression and IL-12 production induced by CT and the type II HLT, their use as adjuvants may permit the selective generation of predominantly Ab-mediated or cell-mediated immunity.
In summary, our present study indicates that CT, LT-IIa, and LT-IIb induced different Th cell profiles from anti-CD3-stimulated PBMC cultures. By directly comparing these HLT, we were able to demonstrate that CT, LT-IIa, and LT-IIb have unique immunomodulatory effects on CD4 ϩ T cells that accounted in part for their observed cytokine differences.
